To determine whether aortic root dilation associated with a bicuspid aortic valve occurs independently of valvular hemodynamic abnormality, aortic root dimensions were measured by two-dimensional echocardiography in 83 adults with a functionally normal (n = 19) , mildly regurgitant (n = 26), severely regurgitant (n = 27) or stenotic (n = 11) bicuspid aortic valve and compared with findings in normal subjects matched for age and gender. Aortic root measurements were made at four levels: anulus, sinuses of Valsalva, supraaortic ridge and proximal ascending aorta. Seventy-one percent of patients with a bicuspid aortic valve were men.
When compared with control subjects, all hemodynamic subgroups showed a significantly larger aortic root size at three levels:
Bicuspid aortic valve is one of the most common congenital heart anomalies found in adults, occurring in 0.9% to 2% of unselected subjects at autopsy (1) and accounting for about 50% of isolated aortic stenosis requiring valve replacement (1, 2) . An autopsy study (3) in adults suggested that about 30% of congenitally bicuspid aortic valves become stenotic and 40% become regurgitant, whereas the remainder function normally. Associations of bicuspid aortic valve with aortic abnormalities including coarctation (3, 4) , dissecting aneurysm (3) (4) (5) (6) and aortic root dilation with underlying cystic medial necrosis resulting in aortic regurgitation (7) (8) (9) have been well described. These associations have led to the theory that disease of the aortic valve and the aorta itself may reflect a common developmental defect (5, 10, 11) .
Although experimental studies have suggested that poststenotic dilation occurs as a result of the impact of high velocity, turbulent flow downstream to a stenosis (12) (13) (14) , the severity of aortic stenosis correlates poorly with the extent of poststenotic dilation (5, 15) . Because of the high frequency of a congenital bicuspid aortic valve in patients with aortic stenosis and the increased prevalence of aortic enlargement among all hemodynamic subgroups ranged from 9% to 59% at the level of the anulus, 36% to 78% at the sinuses, 47% to 79% at the supraaortic ridge and 50% to 64% in the ascending aorta.
Thus, there is a high prevalence of aortic root enlargement in patients with a bicuspid aortic valve that occurs irrespective of altered hemodynamics or age. These findings support the hypothesis that bicuspid aortic valve and aortic root dilation may reflect a common developmental defect. (JAm Coli Cardio/1992; 19:283-8) root enlargement associated with a regurgitant bicuspid aortic valve (7 ,9) , it is possible that some instances of ''poststenotic'' dilation represent aortic abnormalities associated with the bicuspid aortic valve instead of, or in addition to, the result of hemodynamic changes related to valvular stenosis. To determine whether the increased prevalence and degree of aortic root dilation associated with a bicuspid aortic valve occurs independently of valvular hemodynamic abnormality, aortic root dimensions were measured in adults with a functionally normal, regurgitant or stenotic bicuspid aortic valve and the findings were compared with those in normal subjects matched for age and gender and similar in body size.
Methods
Subjects. Eighty-three adult patients whose echocardiogram unequivocally demonstrated a bicuspid aortic valve were retrospectively identified at The New York Hospital (n = 53) and at St. Luke's Hospital (n = 30). Only patients whose studies contained two-dimensional imaging of the aortic root in long-axis parasternal views and complete Doppler evaluation of the aortic valve were included. Patients with severe aortic valve calcification that made it difficult or impossible to determine the number of cusps by echocardiography were excluded.
Eighty-three age-and gender-matched adults with no historical or echocardiographic evidence of cardiovascular disease, drawn from previously described groups of normotensive employed adults (16) or normal persons identified in family studies of mitral valve prolapse or the Marfan syndrome (17, 18) , were used as control subjects. All demonstrated a trileafiet aortic valve on two-dimensional echocardiographic examination and all had been enrolled after informed consent in studies approved in 1985 and at regular intervals thereafter by the Committee on Human Rights in Research ofCornell University Medical College, New York, New York. All control subjects had normal blood pressure measurements at the time of echocardiography and none had a history of hypertension. Body surface area was similar in the entire group of patients (1.85 ± 0.23m 2 ) and control subjects (1.88 ± 0.23m 2 ) and in the subgroups of cases classified by hemodynamic findings and their respective controls.
Two-dimensional echocardiography. Echocardiograms were performed with use of standard commercially available equipment. Aortic valve morphology was examined in the two-dimensional parasternal long-axis and short-axis views and occasionally in the subcostal short-axis view. A bicuspid aortic valve was identified by the presence of only two cusps in systole or diastole, or both, in short-axis views (19) (20) (21) (22) (Fig. lA) . To maximize the certainty of diagnoses, patients in whom it was difficult to differentiate between a bicuspid aortic valve and a trileafiet valve with marked asymmetry of cusp size were excluded. Additional supportive evidence included the presence of eccentric closure (Fig. lB) , systolic doming ( Fig. lC) or diastolic prolapse of the aortic valve cusps in the parasternal long-axis view (19) (20) (21) (22) (23) (24) .
Aortic root measurements were made by one reader who did not know hemodynamic findings at end-diastole in parasternal long-axis views at four levels ( Fig. 2 ): 1) anulus (defined echocardiographically as the hinge points of the aortic cusps), 2) sinuses of Valsalva, 3) supraaortic ridge, and 4) proximal ascending aorta. Measurements were made perpendicular to the long axis of the aorta with use of the leading edge technique in views showing the largest aortic diameter (9, 25) . Up to four measurements were made and averaged at each level; measurements were available in all patients at the levels of the anulus and sinuses of Valsalva. Measurements were unobtainable in 17 patients at the supraaortic ridge and in 29 patients at the proximal ascending aorta because of technical inability to fully image in long axis the distal portion of the aortic root. The presence or absence of dilation at each of the four levels was determined with use of previously established confidence intervals relating normal aortic diameters to body size and age (25) .
Doppler echocardiography. The presence or absence of aortic regurgitation or stenosis was determined with use of Doppler echocardiography. The severity of aortic regurgitation was graded by using either pulsed Doppler jet length criteria (26) or the width of the· regurgitant jet at the valve plane by color or pulsed Doppler ultrasound (27) . Patients with 1 + or 2+ aortic regurgitation were grouped as having mild aortic regurgitation and patients with 3+ or 4+ regur- mined with the modified Bernoulli equation was 2:20 mm Hg in the setting of restricted valvular opening and no more than mild aortic regurgitation was present. These patients were grouped as having mild to moderate aortic stenosis.
Statistics. Mean values are listed with 1 SD as the index of dispersion. Differences between mean values of patient and control groups were tested with use of the unpaired Student's t test. Analysis of variance was used to identify differences among patient groups. The statistical significance of intergroup differences was subsequently tested with use of the Tukey-A post-hoc analysis for multiple comparisons.
Results
Clinical characteristics (Table 1) . Of the 83 patients identified as having a bicuspid aortic valve, 19 (23%) had no evidence for aortic regurgitation or aortic stenosis, 26 (31%) had mild aortic regurgitation, 27 (33%) had severe aortic regurgitation and 11 (13%) had mild to moderate aortic stenosis. The mean transaortic gradient for patients with mild to moderate aortic stenosis ranged from 20 to 56 mm Hg (mean 29 ± 13) with only three patients demonstrating coexistent mild aortic regurgitation: two with aortic valve area by the continuity equation of 0.9 cm 2 and one with a HAHN ET AL.
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BICUSPID AORTIC VALVE AND AORTIC DILATION Aortic root measurements ( Table 2 ). All hemodynamic subgroups of patients with a bicuspid valve showed a significantly larger aortic root size at three levels when compared with age-and gender-matched control subjects: the sinuses of Valsalva, supraaortic ridge and ascending aorta. Patients with severe aortic regurgitation also had a significantly larger annular dimension when compared with control subjects (p < 0.001). All differences remained significant when aortic root measurements were indexed for body size. Table 3 . Aortic dilation at the levels of the aortic anulus and sinuses of Valsalva was significantly more common in patients with a severely regurgitant bicuspid valve than in those with a functionally normal or stenotic bicuspid valve. Aortic dilation at the level of the sinuses of Valsalva was significantly more common in patients with a severely regurgitant bicuspid valve than in any other hemodynamic subgroup. Patients with aortic root dilation at the sinuses, supraaortic ridge or proximal ascending aorta did not differ significantly in either age or body surface area from patients without dilation. Systolic doming of aortic valve (Table 4) . Among patients with a bicuspid aortic valve, 56% exhibited systolic doming and 19% exhibited diastolic prolapse of one or both aortic leaflets below the plane of the aortic anulus in the parasternal long-axis view. The prevalence of aortic valve doming was significantly different between patients with mild aortic regurgitation and those with mild to moderate stenosis. Nine patients (11%) demonstrated mitral valve prolapse.
Prevalences of aortic root dilation at each level are presented in

Discussion
Aortic root dilation in patients with a bicuspid aortic valve. Although previous studies (4) (5) (6) (7) (8) (9) (10) (11) have revealed associations between bicuspid aortic valves and aortic abnormalities, none have described an association with aortic root dilation in the absence of aortic regurgitation or aortic stenosis. Our retrospective study reveals a high prevalence of aortic root dilation in patients with bicuspid aortic valve that occurs irrespective of altered hemodynamics and supports the hy- pothesis that aortic dilation and bicuspid aortic valve reflect common developmental abnormalities. Also, the aortic dilation associated with bicuspid aortic valve does not seem to be age related. The most diffuse and severe dilation occurred in patients with severe aortic regurgitation, the group with the lowest mean age. Associated aortic regurgitation. Although aortic dilation was common in patients with a functionally normal bicuspid aortic valve, the location and extent of aortic root abnormalities may contribute to and, in turn, be influenced by the development of aortic regurgitation or stenosis. Compared with the aorta in control subjects, the aorta in patients with a functionally normal bicuspid valve, mild regurgitation or mild to moderate aortic stenosis was 0 to 2 mm larger at the anulus and 4 to 6 mm larger at the sinuses of Valsalva and supraaortic ridge. In contrast, the aorta in patients with a severely regurgitant bicuspid valve was an average of 6 mm larger at the anulus and 8 to 9 mm larger at the supraaortic ridge than that in control subjects. Attachment of the aortic commissures occurs at the supraaortic ridge and the base of the aortic cusps inserts at the anulus. Dilation at these levels may draw both the base and commissural attachments of the aortic cusps away from the center of the aorta and thus cause inadequate leaflet coaptation and, as a consequence, aortic regurgitation. Another postulated mechanism for the development of severe aortic regurgitation in this setting, aortic valve prolapse (24, 28) , appears to be less important, given the similar prevalences of prolapse in patients with severe aortic regurgitation and in those with mild or no aortic regurgitation. This observation is in agreement with previous observations by Stewart et al. (24) .
Associated aortic stenosis. The extent of aortic root dilation at each level may differ in patients with asymptomatic aortic stenosis and those with a nonstenotic valve. The group with asymptomatic aortic stenosis had an even larger ascending aorta than that of patients with severe aortic regurgitation but less severe dilation at more proximal levels . This finding is compatible with previous suggestions (12, 13) that the high velocity turbulent jet due to aortic stenosis would strike the aortic wall above the supraaortic ridge and therefore constitute a hemodynamic stimulus to dilation at this level. Further studies comparing aortic root dimensions in patients with a stenotic trileaflet or bileaflet aortic valve may resolve this question.
Previous studies on aortic abnormalities associated with bicuspid aortic valve. In all hemodynamic subgroups of patients with a bicuspid valve the greatest degree of dilation (7 to ll mm compared with values in age-and gendermatched normal subjects) occurred in the ascending aorta. This finding may reflect a predisposition toward premature development of underlying cystic medial necrosis (10, 11) . McKusiC'k (10) described autopsy findings of a bicuspid aortic valve, aortic dilation and microscopic evidence of cystic medial necrosis in a father and son who each had aortic regurgitation and died of aortic dissection. Gore (6) studied 32 patients under the age of 40 years with dissecting aortic aneurysm and found that 9 (28%) had a bicuspid aortic valve. Edwards et al. (5) similarly reported a high prevalence (11 of 119, 9%) of bicuspid aortic valve in patients with aortic dissection; only 1 of these patients had significant aortic regurgitation. Cystic medial necrosis of the aorta was found in all of the patients with dissection. Roberts and Roberts (29) found that of 186 patients with aortic dissection, 14 (7.5%) had a bicuspid aortic valve, all with tears in the ascending aorta. Of these patients, 10 had a functionally normal bicuspid valve and 4 a stenotic valve. In addition, 9 of 10 patients with a bicuspid aortic valve and aortic dissection had abnormal aortic media on histologic examination. These studies indicate that the association between aortic dissection and bicuspid aortic valve may occur independently of functional valvular abnormalities or coarctation and implicate cystic medial necrosis as a major determinant of complications. Prospective studies of patients with bicuspid aortic valve and aortic dilation, a potential reflection of cystic medial necrosis, are needed to confirm this hypothesis.
The male predominance among patients with a bicuspid aortic valve has been previously reported (1 ,31) and is confirmed by our study, in which 71% of patients were men. Although a multifactorial etiology is most likely, some data suggest a genetic influence in the development of bicuspid aortic valve (32, 33) .
Limitations of study. Potential limitations of our retrospective study include a selection bias because all patients were referred on clinical grounds. Thus, the prevalence of both aortic valve dysfunction and intrinsic aortic abnormality (dilation) may be overestimated insofar as patients with a murmur and potentially more pronounced aortic dilation were more likely to have been referred for study. The high prevalence of aortic dilation in patients with normal Doppler studies suggests this bias has had little effect on the association we have found between a bicuspid aortic valve and aortic enlargement. In addition, because of the difficulty in differentiating a trileaflet from a bileaflet aortic valve echocardiographically in the presence of significant calcification, our study does not include patients with severe aortic stenosis. The pattern and severity of aortic dilation in these patients may differ from that in patients with mild to moderate aortic stenosis, a question that needs to be studied in patients whose valve morphology is ascertained at surgery or necropsy.
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